A new mechanical filter structure is presented which comprises two silicon cantilevers mechanically coupled by a silicon linkage with thin film piezoelectric transducers providing electrical input and output signals. The resonance behaviour of such a structure results in a bandpass filter response, having a band-width determined by the frequency separation between the closely spaced in-phase and out-of-phase vibrational modes of the two coupled cantilevers. A detailed configuration design analysis, filter simulation and optimisation of performance is undertaken using a new modelling approach combining microwave circuit theory and finite element analysis to evaluate the generalised (A, B, C and D) and scattering (S) circuit parameters of the filter. Two significant features of the filters have emerged from the derived analyses and simulations: (1) with correct design filter Q-values can reach several thousand which is much higher than the Q-values (~80) of uncoupled cantilevers, (2) the Q-value is determined by the configuration of the silicon linkage and so is under the designer's control. The position and length of the linkage that give optimum Q and minimum insertion loss are determined.
Introduction
RF and microwave MEMS components such as switches, varactors, resonators and filters have widespread potential applications in the telecommunications industry because of their superior performance compared to conventional semiconductor devices [1, 2] . One of the particular attractions is the possibility of integrating passive components with silicon integrated circuits for mobile communications. There has been a great deal of research effort worldwide over the last decade aimed at developing new RF MEMS piezoelectrically actuated components. The most notable recent piezoelectric filter designs are based on the thin film bulk acoustic resonator (FBAR) [3] , where the resonant frequency is determined mainly by the thickness of the piezolayer. Since this thickness is fixed during deposition of the piezo-layer, it is difficult to fabricate FBARs with multiple frequencies on a single chip [4] . For the device considered in this paper the resonant frequency is not only determined by the thickness of the moving element, but also by in-plane dimensions which can be easily varied across a wafer. Furthermore, some applications require high-Q filters with very steep filter skirts but in most cases the Q-value of the filters is limited by the Q of the individual resonators that make up the filter. This paper analyses a new type of filter where the Q-value is mainly determined by the structural configuration. The new structure is composed of two silicon cantilevers having thin film PZT transducers defined on their top surface which are mechanically coupled by a silicon linkage. Such a coupled cantilever system exhibits a series of closely spaced in-phase and out-of-phase vibrational modes which define the filter pass-band.
Several approaches can be used to model miniature mechanical filters, including lumped massspring [5] , equivalent electrical circuit [6] , [7] , finite element analysis (FEA) [4] , [8] , [9] , and acoustic transmission line [10] . Lumped mass-spring modelling does give a deep understanding of structural design but it involves many assumptions and simplifications and so lacks fine details contained in real structures and therefore, cannot give an accurate prediction of filter performance. An equivalent electrical circuit method provides a practically pleasing analysis tool for the representation of the original system and the design of microelectromechanical resonators and filters but it is very difficult to find an equivalent transforming ratio that represents the conversion of acoustic/mechanical energy into electrical energy or vice versa. The representation of the piezoelectric micromachined mechanical filter by mass-spring and equivalent circuit models is hindered by the difficulty in knowing how to represent the finite mass and twisting motion of the mass of the linkage. Furthermore, as the cantilevers are reduced in size and the linkage becomes comparable in size to the resonator beams, the equivalent system approach increasingly fails to give an adequate representation of the structure. The acoustic transmission line model which is the mechanical analogy of the familiar electrical transmission line can be used to model the effective stiffness of the linkage. However, the development of such a model to include the linkage twisting that occurs during operation presents considerable modelling difficulties. FEM is a powerful tool in which an exact structure can be modeled to obtain a complete description of the motions of the structure. It is therefore and appropriate method for predicting the device characteristics of piezoelectric resonators and filters, including the electrical input impedance and mechanical frequency response. However, FEA has not been used to predict the overall performance of linked cantilever filters, including such parameters as the Q-value, insertion loss (IL) and ripple, possibly because a suitable modelling approach has not been put forward to date. In this paper, the micro-machined piezoelectrical filter is configured as a two-port device in an electrical circuit and a combined microwave circuit and FEA modelling approach is proposed for the design analysis of the filters and to predict the overall performance.
This method is very similar to the black box techniques which identify system transfer functions applicable to the modelling of complex systems.
Filter Structure and Operation
The micro-machined piezoelectric mechanical filters studied here are shown schematically in 
where D and , , C B A represent the generalized electrical parameters of the coupled cantilevers, and are obtainable from the short-circuit admittances as follows: As a result, the input impedances at Ends 1 and 2, , and ) ( 
and the voltage transfer functions
where V g is the input voltage.
S parameters are used to measure the performance of a two-port network with terminations For any two-port network with resistive terminations, the S parameters are defined as
Combining Eqs. (4), (5) and (8), 21 S can be written as
where R 1 and R 2 are generally taken to be 50  . Therefore, the dB attenuation for transmission is 12 log 20 Furthermore, from the definition
where 0 f is the centre frequency and f  is the bandwidth (BW) of the filter, FEA can be used to calculate Q. Eq. (11) is only applicable to second order band-pass mechanical filters or narrow BW filters.
Design Analysis
The model described in the previous section was used to investigate the effect of changes in structural parameters on filter characteristics and simulations for several substrate thicknesses 
Comparison of single and coupled cantilever impedances
It is interesting to compare the impedance responses of the coupled and single piezoelectric cantilevers. Figure 3 shows the calculated impedances and S parameters versus frequency for Table 4 and figure 6 reveal that the length of the link beam (l) has a small effect on the in-and out-of-phase resonant frequencies but it has a large effect on the Q-values ( these can be as high as 3800 for l=1.2L) and on the pass-band ripple (about 0.47 dB for l<0.4L). IL is almost constant for l=0 to 0.6L but starts to rise for l>0.6L. Therefore, IL and ripple can be minimized if the length of the linkage is designed to be between 0.4L and 0.6L. Table 5 and Figure 
Parametric study

A. Thickness of the substrate
B.2 Linkage length
B.3. Linkage width
C. 2 Dependence of IL on linkage parameters
The various influences of the linkage parameters on IL can be explained in terms of the electrical and mechanical energy loss of the structure. For any set of linkage parameters, the IL resulting from the electrical energy loss is a fixed value so it is only necessary to consider the effect of the mechanical energy loss on the filter performance. The change in linkage position does not add extra mechanical energy loss to the filter. This is the reason that IL is not affected by the position of the linkage. Lengthening the linkage decreases the coupling stiffness of the linkage and hence increases the strain in the linkage somewhat. Since energy loss is proportional to the square of the strain [11] , the increase in linkage length leads to a little higher loss of energy. This is a possible reason that there is only a small rise in IL when the length increases. For the effect of the linkage width on IL, twisting of the linkage is a possible loss mechanism as in this situation the linkage can only transfer a fraction of the energy between the input and output cantilevers.
The IL, therefore, increases gradually with increasing linkage width but has a minimum value for b =0.013L. A possible reason is that, the coupling stiffness of the linkage is so low that it cannot transfer mechanical energy from one cantilever to another for b<0.013L.
C.3 Pass band frequencies of filters
From Figure 3 , it can be seen that the frequency span of the pass-band can be either higher or lower than the series resonant frequency of the single piezo-cantilever, depending on the design of the linkage. The linkage pulls the resonator frequencies apart and creates two closely spaced resonance modes which constitute the ends of the filter pass-bands. For a given cantilever dimension the characteristics of the mechanical filter, including BW, IL, ripple and Q, are determined by the linkage. Figure 8 shows the impedances and S 21 parameters for filters with scaled down dimensions. They are one tenth of the filter dimensions shown in Table 1 In-phase vibration Out-of-phase vibration 
Comparisons between millimetre sized and scaled-down filters
